We consider the design of a nonlinear social tariff for residential water in Côte d'Ivoire, which is a case of a monopolistic private operator supplying a population of heterogeneous consumers. The proposed optimal tariff includes an initial "social" block with a low unit price, and higher consumption blocks with a monopoly pricing rule. This optimal nonlinear tariff is calibrated using econometric estimates of a paneldata residential water demand equation. Welfare changes associated with moving from the actual tariff to approximations of the optimal pricing system are computed under different tariff scenarios. We find that gains in consumer welfare would outweigh losses in producer surplus in a majority of Ivorian local communities.
Introduction
Over the past 20 years, the world's residential water consumption has increased at a much higher rate than that of population. The international community has become progressively aware of the role played by access to safe drinking water and sewage in economic development. Indeed, the vast majority of households without such access are in developing countries, where the problem often does not lie with the scarcity of water, but with the difficulty to finance water supply and treatment operations. Investments in the water industry are typically long-term, due to large infrastructure costs associated with redesigning or building water networks.
As governments in developing countries find it challenging to fund these investment requirements, an alternative is to promote publicprivate partnerships or concession contracts in the water industry. Resorting to private companies to invest and operate water utilities does not mean that the objectives of the local communities and the State regarding environmental protection and consumers' welfare will be neglected. As it stands, private companies operating in developing countries face difficulties in meeting their financial objectives, because a fraction of the consumers fail to pay their water bills. Majority of customers are typically able to pay their daily water residential consumption as the marginal water prices are generally low. However, for operators, fixed costs make a significant share of water bills and often lead to difficulties in cost recovery. 1 One of the possibilities to facilitate water access to poor households is to design an income-targeted subsidy policy. Under such a system, a household, after being identified as "poor", pays only a fraction of the full water bill or part of the fixed fee (i.e., the lump-sum payment corresponding to the connection fee). The operator is then compensated by a transfer from the local community, or from the federal or regional compensation schemes. Another possibility is to base the subsidy policy on volumes consumed only. In this case, a multi-part block-rate tariff is designed, with a minimum water consumption level supplied at zero or very low price. The losses for the operator are compensated from the higher consumption blocks and/or from other customer categories, for instance, the industries. Such initiatives, called "social pricing", are followed in various regions around the world, and have shown that different solutions require careful adjustments to suit local population needs. Social tariff schemes rely on several tariff components as instruments for modifying the households' behavior, in particular the structure of the consumption blocks and their associated unit prices, and/or the fixed part of the tariff. From a theoretical point of view, the optimal social pricing scheme should take into account consumers' preferences for water consumption along with the preferences of the regulator. The latter is assumed to maximize consumer welfare while ensuring a profitable operation for the private company in charge of the water network.
In this paper we suggest a simple social tariff structure for a monopolistic operator supplying a population of income-diverse consumers. The optimal pricing rule is obtained as the solution to a special case of the general Ramsey pricing problem presented in Wilson (1993) . Under the Ramsey pricing model, the initial level of consumption is charged at a fixed rate, up to a level which is determined by the parameters of the model. While Wilson (1993) interprets this multi-part tariff in the context of fixed fee (access fee for instance), in our case the first pricing block of the tariff originates from the social objective of the regulator.
The contribution of the present paper to the literature on nonlinear pricing does not lie in the construction of a new framework for designing optimal tariffs for public services, rather, by using Wilson's (1993) theoretical framework of nonlinear pricing, we propose a method for calibrating and approximating (by multi-block price systems) optimal tariffs that include social considerations.
The water industry in Côte d'Ivoire presents an interesting case for several reasons. First, a common rate policy for every local community of the country is implemented by the (sole) water operator SODECI (Société de Distribution d'Eau de Côte d 'Ivoire, established in 1956) . Second, poor customers actually benefit from subsidized connection charges, as well as from a reduced-rate initial consumption block. Third, the existing tariff is of the increasing-block type, which means that higher-income customers would also benefit from the reducedrate in the initial consumption block.
By comparing the optimal nonlinear tariff with the existing tariff in Côte d'Ivoire, we determine whether an increase in social welfare could be achieved by modifying the number of consumption blocks, their threshold levels and unit prices. In particular, we examine the impact on social welfare of increasing the number of block rates. To this end, we replace our optimal pricing system with a series of multiple-rate tariff approximations that are simplified for the sake of clarity. Although this comes at the cost of losing optimality properties of the tariff, such approximations are more in line with the apparent features of the existing tariffs. We also examine the impact on social welfare of imposing a water tariff that has the increasing-block structure, although the optimal pricing rule is not monotonic in water volumes.
The paper is organized as follows. Section 2 discusses water pricing and describes the existing pricing scheme in Côte d'Ivoire. Section 3 presents a theoretical motivation for nonlinear social pricing. Section 4 presents an empirical application to Côte d'Ivoire. The results from the simulation experiment are given in Section 5, and a comparison is made with the existing water tariff scheme in Côte d'Ivoire. We consider several approximations to the optimal water tariff by imposing an increasing block-rate tariff structure and by letting the number of pricing blocks vary. Section 6 concludes.
Water pricing

Pricing rules for water utilities
Whether publicly or privately operated, water utilities are generally considered natural monopolies because of declining long-run average costs, and high fixed costs relative to variable costs. Designing an efficient water pricing policy is crucial for water companies in local communities. A price policy is often a compromise between various (and possibly conflicting) objectives: economic efficiency, cost recovery, equity, and resource conservation.
The first objective of a water utility pricing scheme is to generate revenues covering at least the operating (short-run) costs. Without regulation, a monopoly maximizes profit so that the marginal cost is equal to the marginal revenue. By doing so however, consumers' surplus is minimized which results in a socially suboptimal tariff. If the monopoly is regulated by an utilitarian social planner, maximizing the social welfare leads to the marginal cost pricing rule (MCP) and thus, satisfying the economic efficiency objective. If price does not reflect the social marginal cost, consumers do not receive appropriate information about the societal cost of a marginal increase in demand (Renzetti and Kushner, 2004) . MCP has received a criticism on the account of absence of a budget constraint, deficit if the firm operates under increasing returns to scale, etc. Further, it has given rise to a number of practical difficulties (Boland and Whittington, 2000) . Also, from an equity point of view, MCP collects too much revenue if the marginal cost is above the average cost. For these reasons, there is little evidence of real-world applications of MCP in water utilities (Renzetti, 2000) .
An alternative solution is to use a two-part tariff with a marginal price corresponding to the marginal cost and a fixed charge allowing for the deficit recovery. However, this system is often seen as regressive as the high connection fee constitutes a significant proportion of the total bill for low-volume consumers (and therefore, a significant proportion of the average water price).
2 If the water managers are concerned with the distributional consequences of the tariff, then a preferred policy is to set the unit charge above the marginal cost, so as to reduce the fixed part of the tariff. Renzetti (2000) shows that such a policy (also called the Feldstein pricing) is clearly suboptimal in a wide range of cases as the unit rates are significantly distorted from the marginal cost. A natural extension of the two-part tariff is the class of block-rate pricing systems, the increasing block rate (IBR) or the decreasing block rate (DBR), in which the number of blocks is greater than two.
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Increasing or decreasing block-rate pricing can solve the problem of excess profits and losses generated by the marginal pricing in cases of economies and diseconomies of scale respectively. One drawback of the block-rate pricing is that it makes the revenue of the water utility more variable as consumers, by changing their water consumption may switch from one price block to another. Nowadays, the use of the IBR systems is widespread in developing countries (Boland and Whittington, 2000) , their success lies in the objectives they claimed to achieve: the equity objective by subsidizing small (presumably poor) customers by charging bigger customers, the resource conservation objective, the promotion of economic efficiency through the marginal cost pricing for the highest block. However, the IBR pricing may be in contradiction with the basic principles of monopoly pricing. It may even lead to social losses when the block rates are not designed to preserve the interests of the water operator and large consumers. Some water companies use more complex pricing schemes that combine both the increasing and the decreasing block structures. The marginal price can increase in the first block and then decrease to favor both very small and very large water consumers.
In a second-best world, where the budget constraint of the water utility is introduced, the pricing system involves the Ramsey-Boiteux rule (see, e.g., Laffont and Tirole, 2000; Prieger, 1996; Baumol, 1987) . In this case, the gap between the marginal price and the marginal cost depends on the price elasticity of water demand and the cost of the budget constraint, and this pricing rule ensures the highest social welfare under a budget constraint. In practice, implementing this policy requires perfect knowledge of the production cost and consumer demand function for a private monopoly, and of the consumer demand function for a public monopoly.
Extensions of the single price models such as the MCP or the Ramsey-Boiteux pricing involve a nonlinear pricing schedule (Brown and Sibley, 1986; Wilson, 1993) , for a welfare-maximizing public utility faced with a set of income-diverse consumers. Consumers vary according to their "type" which is represented by an unobservable parameter θ (e.g., the price sensitivity of demand, income). The price schedule is a nonlinear function of quantity (either increasing or decreasing in the consumption level), and depends on both supply and 2 Average price in the two-part tariff is equal to the marginal price plus the fixed charge divided by the consumption volume. 3 Boland and Whittington (2000) proposed a uniform price with rebate as an alternative to a two-part tariff.
demand parameters (in particular, the utility's marginal cost and the distribution of θ). The practical implementation of an optimal nonlinear pricing rule involves the use of an approximation by blocks, for instance, using the IBR system. In this case, the nonlinear price formula is discretized into a number of blocks, so as to mimic the original nonlinear pricing rule. A way to reduce the loss in optimality due to approximation is to consider a large number of blocks in the tariff.
Water pricing in Côte d'Ivoire
In Côte d'Ivoire, the water supply sector is divided into two subsectors: urban water supply systems (named "hydraulique urbaine") and rural water supply (named "hydraulique villageoise"). This distinction is based on technical network and connection parameters, investments, financing and operating modes, and the type of population supplied. For example, a water supply system is considered urban if the local community's population is above 3000 inhabitants, if a water distribution network exists, etc.
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Since the 1987 delegation contract, the concession of SODECI -the largest water operator in the country -caters only to communities in the urban water supply systems. Other communities -according to criteria mentioned above -are supplied by the rural water systems, which could be either traditional (hand-pumps) or improved systems (water towers and standpipes).
As in most countries in Western Africa, SODECI uses an IBR pricing scheme. The water tariff includes a value added tax and two special taxes for financing the Fonds National de l'eau (FNE, National Water Fund) and the Fonds de Développement (FDE, Development Fund for Water) respectively. The FDE is devoted to financing "social" (subsidized) network connections, hydraulic facility replacement costs, network extension operations and investments in new facilities and equipment; while the FNE is concerned with the contract-related loans in the water sector.
The price components to be used by SODECI are specified in the 1987 contract and a price revision should occur every 5 years according to the contract. In fact, the price structure has experienced a series of modifications over the period [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] , therefore a significant proportion of the total volumes consumed by households is expected to lie within the third block. Finally, note that the "social" block 6 more or less follows standard recommendations in terms of basic needs, namely a minimum requirement of 76 m 3 /year corresponding to a 5-person household (see Gleick, 1996). 7 In order to increase the supply of residential drinking water, the authority in charge of urban water services had formulated an ambitious policy of subsidized residential water connections in the mid 1980s. The subsidy was granted to 15 mm-diameter water pipe connections (this was done to limit the available volume for the household requirements) within a 12 m limit from the main connection pipe to the water meter (in the public domain). Above this limit, any additional pipe connection cost as well as the costs of the appliances after the meter were borne by the residential customer. The policy benefited customers from a lower connection cost of 36.68 USD instead of 359 USD for a usual connection. SODECI did all the necessary connection work and it was reimbursed for the uniform subsidy (190 USD) by the FDE. The difference from the usual connection cost could be explained by a tax exemption on subsidized connections, and a reduced mark-up for SODECI. The materials and components for subsidized connections were exempted from VAT and customs duties.
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The subsidy policy implemented in Côte d'Ivoire helped to address the issues raised by the fixed fee. Once connected to the network, users were only charged the variable component of the tariff, and did not have to pay the fixed fee. There were specific criteria for targeting the access to subsidized connections, however they were fairly limited. The connection could only be for residential use, not for commercial purposes; and it could not be used for re-selling water volumes. Furthermore, it must not be associated with more than 4 water taps. The following "standing" criterion was decided in 1998 to limit access to "low-income" households only. In order for a household (represented by a customer to the company) to obtain such a connection, it must supply a property title if it owns a house, or for a tenant, a renting lease agreement. Moreover, connections for public work (where the control of the number of taps was not possible) and connections for real estate operations were excluded from the scope of the policy. The objective of promoting a wider access to drinking water for the population has been translated in practice by the fulfillment of all demands corresponding to the eligibility criteria discussed above. Therefore, between 1986 and 1998, 286,853 new water network connections had been installed. Out of the total new connections, 261,019 were subsidized connections.
9 That is, 91% of new connections were subsidized (87% in Abidjan and 95% in other regions). Overall, the subsidized connection policy led to a sharp increase in the number of customers (87% growth between 1987 and 1997). The success of the policy rested on the financial strength and adequate management of the FDE. The capacity of the fund to finance the policy ultimately depended on the relative number of new customers over the existing ones. In 2002, the government was forced to revise the eligibility criteria, so as to reduce the number of admissible households. Under the revised criteria, the maximum number of water taps associated with the residential connection must not exceed 3. Furthermore, a single connection could only be made in a housing unit, and the total number of subsidized connections every year could not exceed 10,000 for the whole country.
Nonlinear social pricing
In this section, we introduce the basic setup for designing a social pricing system. The optimal pricing rule is obtained as the solution to a special case of the general Ramsey pricing problem presented in Wilson (1993) . To account for income effect in the tariff design we use the generalized demand profile (see also Brown and Sibley, 1986) to describe consumer behavior and to determine the optimal pricing scheme.
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According to the Ramsey principle, we consider an optimal nonlinear pricing system as the solution to the social planner problem which includes the producer's profit and the consumers' surplus. We 8 The standard connection cost before VAT was 237.71 USD. 9 These figures correspond to all categories of users and diameter types. 10 However, we restrict the set of possible tariffs in order to make them tractable and applicable for estimation. explicitly include in the problem an initial consumption block (although its rate may not be necessarily lower than rates in the subsequent blocks). The derived pricing formula is called "social pricing" because of the restriction that a minimum volume be supplied at the lowest price possible. We consider the water market in the context of partial equilibrium analysis. From the supply side water is supplied by a monopolistic firm, with cost function C(q), and a marginal cost denoted by c(q). The demand side of the market is represented by a set of heterogeneous consumers. The heterogeneity in consumer preferences is captured by a single parameter ha h P ; h P Â Ã which we associate with the household income. An implicit assumption underlying the model is that water demand is increasing in income. Each household can then be described by its individual demand function
where q and p denote the household's water consumption in m 3 and the marginal price (in USD/m 3 ) respectively. We assume that demand curves do not cross, that is, q(p,θ) is monotonic in θ for any price p. We also assume that the social planner has knowledge on the distribution of types (income) in the population, as well as the production technology (the cost function) and the consumers' demand functions. The benefit for the consumer with type θ from the purchase of q units is U(q,θ), and thus, U(q,θ) also represents the consumer's maximum willingness to pay for these q units. Let υ (q,θ) denote the willingness to pay for the consumer of type θ for a qth unit increment in consumption. υ (q,θ) is then the marginal benefit, υ (q,θ)=∂U(q,θ)/∂q.
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Define the total tariff as
where T (in USD) is the fixed part of the tariff, and p(q,θ) is the marginal price associated with consumption of q units. The key ingredient of the demand-profile approach is the generalized demand function Q(P,p,q), defined as the number of customers (length in case of an interval) who are willing to pay the total fee P(q) (in USD) for the purchase of q units of water, and are also willing to pay p for the qth marginal unit:
Another useful interpretation of the generalized demand function is the following: Q(P,p,q) is a measure of the set of customers who are willing to pay the total tariff P and are ready to buy more than q units (m 3 ) at price p: Q(P,p,q) = card{θ|U(q,θ) ≥ P and q(p,θ) ≥ q}. The social planner plays the role of the principal who maximizes social welfare subject to the social goals. The objective of the principal is to maximize the sum of consumers' and producer surpluses in the water market. The strategy of the principal translates into a function of total tariffs P(q) or, equivalently, into a marginal price schedule p(q) = P′(q), such that it maximizes social welfare. The households then choose the volume q and pay the total tariff P(q).
We consider the income effect in the tariff design in a simplest way possible. The social planner imposes the restriction that a minimum amount of water be supplied at the lowest marginal price possible. To account for this restriction, we introduce a minimum quantity, q min (in m 3 ), below which customers will only pay a fixed fee P min (in USD) and the marginal price is set equal to zero. Since T is the fixed fee that consumers are ready to pay given that the marginal price is zero, the surplus for consumers who buy the minimal amount of water is R Pmin l T À P min ½ dQ T; 0; q min ð Þ and integrating by parts yields R l Pmin Q T; 0; q min ð ÞdT. 12 The consumers' surplus from the qth m 3 for other
Þ ds. Denote q max as the maximum allowed volume of water.
13 Then the consumer surplus for consumers who purchase the quantity q ∈ [q min ,q max ] is R qmax qminQ P q ð Þ; p q ð Þ; q ð Þ dq. The total consumer surplus is therefore:
The firm's receipts from the Q(P min ,0,q min ) poor customers consist only of the fixed fee P min . The profit margin for the qth unit, where q ∈ [q min ,q max ], is [p(q) − c(q)] and it comes from the Q(P(q),p(q),q) customers who are willing to pay the total fee P(q) and marginal price p(q). The producer surplus is then:
The first term is the profit coming from the poor consumers who are subject to the social pricing, and the second term comes from the remaining consumers' continuum. Denote k N 0 as the opportunity cost of public funds.
14 The principal's objective is now to solve the following problem:
QðPðqÞ; pðqÞ; qÞ½pðqÞ À c qÞdq: ð
Let a ¼ k 1 þ k denote the Ramsey number. The optimality conditions for problem (4) are divided into two parts. First, on the interval [0, q min ], consumers pay only the fixed fee P min . Optimizing Eq. (4) with respect to q min , P min the values of q min , p min and P min are determined by the elasticity conditions and the transversality condition:
; and ð6Þ
where P P ¼ P min =q min is the equivalent uniform price derived from the fixed fee P min . The transversality condition (7) implies that P p ¼ p min ; and reflects the fact that households that are willing to pay for the minimum quantity are also ready to pay the marginal price p min for the additional unit above q min .
15 Eq. (5) is a monopoly mark-up pricing rule which is essentially the Ramsey pricing rule for the generalized demand function; that is, the product of the percentage profit margin and the price elasticity of generalized demand function should be equal to the Ramsey number. Eq. (6) states that the product of the percentage of total profit and the total price elasticity is also equal to the Ramsey number. Second, in order to simplify the analysis we assume that the benefits of consumers who want to consume more than q min are sufficiently large such that they are ready to pay a fixed fee P min . 16 Then for larger purchases, the demand behavior is determined only by the marginal considerations. Thus, the point-wise maximization of Eq. (4) with respect to p(q) in the interval [q min ,q max ] leads to the standard monopoly prices which are given by the Ramsey rule for the ordinary demand:
where ɛ p q (q) is the household-level price elasticity of demand.
To summarize, the structure of the water tariff is the following: up to the threshold of q min , there is a flat rate which satisfies the demand of poor consumers, the ones with the lowest values of θ. For quantities greater than q min , there is a standard monopoly pricing determined by the solution to problem (4).
Empirical application
This section is devoted to the estimation of structural demand parameters that will be used to calibrate the optimal pricing model of the previous section. To match the empirical application with the theoretical pricing model, we identify the agent's type θ by the household income, given the implicit assumption that water demand is (monotonically) increasing in this variable.
As far as the water sector in Côte d'Ivoire is concerned, we need to account for the actual multi-block pricing scheme when estimating price and income elasticities. Until fairly recently, the explicit behavior of households facing a multi-block water pricing system was not analyzed from an econometric viewpoint. A pioneering work is by Hewitt and Hanemann (1995) , who use the two-stage model initially proposed by Burtless and Hausman (1978) and Moffitt (1986 Moffitt ( , 1990 . 17 Hewitt and Hanemann model residential water demand in two stages: first, households choose their consumption block, and in the second step, they maximize their total utility with respect to the budget constraint. The first stage of the model employs discrete choice modeling techniques to estimate the probability that the household consumption lies within a given pricing block. Other applications include Shefter and David (1985) , Corral et al. (1998) and MartinezEspiñeira (2003) . Shefter and David (1985) , though they make assumptions on the household distribution among the blocks, did not make explicit the method used to obtain the proportion of customers in each block. Corral et al. (1998) and Martinez-Espiñeira (2003) use real time-series data in their estimation, but the data were available for a limited number of local communities only. In practice, when working with aggregate data at the municipality level, the number of customers in the different pricing blocks is rarely available for each community. Since the water tariff in Côte d'Ivoire is of the multi-block type, we will largely use the estimation techniques for such pricing described in the last two studies mentioned above.
The data are collected directly from SODECI, for 156 local communities over the years 1998-2002, the total number of observations in the panel is 780. These communities are selected because they are already connected to the SODECI water network before 1998. 18 In each local community, the pricing scheme is the same, with three blocks associated with three different marginal prices.
19 Table 1 presents descriptive statistics for the average water consumption (per household), block shares s, average price over the three pricing blocks, and household income. We can see that block 2 accounts for more than 50% of the total water consumption, whereas block 3 has a low number of customers on average (8%). We also report statistics for demand and block-choice explanatory variables: I (income, in million FCFA), UNPAID (unpaid volumes per household in m 3 ), PUNPAID (proportion of unpaid volumes, that is, unpaid volumes divided by total water volume billed to customers), NEWSUB (proportion of subsidized new customers), RETURN (water network rate of return), CUST (number of connections in the local community), and ACCESS (access to water in 1000 individuals, CUST multiplied by the size of the household).
As shown in Corral et al. (1998) , the estimating equation for water demand at the community level is:
where q jt is the representative household demand in community j and period t (in m 3 ), m is the number of pricing blocks, s ijt is the proportion of customers in the pricing block i, p ijt is the marginal price of water in block i, I jt is the average household income in community j, and d ij is the difference variable.
20 Z jt is a vector of demand shifters and ɛ jt is the error term. The first practical difficulty in estimating Eq. (9) is that the average price over the blocks, P m i¼1 s ijt p ijt , is likely to be endogenous as it depends on the proportion of households in each pricing block. A second difficulty arises from the fact that proportions of households in each block are not observed, although the proportions of total water volumes sold in each block are observed. To deal with the first problem, we use an Instrumental Variable estimation procedure. As for the second problem, we make a simplifying assumption (as explained below) to use observed water volume proportions instead of the proportions of households in each pricing block. 16 The income effect is taken into account in the model, through the fixed fee. 17 See also Chicoine et al. (1986) . 18 For these communities, database are available from SODECI and Direction de l'hydraulique humaine (the regulation authority of the sector). For other communities not included in the SODECI supply area, there is no water operator and a village committee directly manages the system. So the data are not available for such communities (and additional data collection would require a field survey). 19 See the discussion on the SODECI water tariff in Section 2.2. 20 The variable difference d i is defined as (see Corral et al., 1998; Nordin, 1976) :
N ; m, and d 1 = 0, where p j is the marginal price, x̄j is the upper bound of block j, and hence, the lower bound of block j +1.
We specify a Logit representation for the block choice (i) of the representative consumer in the community (j):
Prob j chooses block 1 at time
where X ijt is the vector of explanatory variables for the block choice. Without loss of generality block 1 is chosen as the reference, such that exp(X 1jt β) = 1. Approximating the probability above by the proportion of households in block i for the local community j at time t, denoted by s ijt , we have
where ɛ ijt is a zero-mean disturbance. Because proportions of households in each block are not observed, we assume that the ratio of (billed) water volume proportions in any given pair of blocks is proportional to the ratio of household proportions in that pair of blocks:
where γ ij does not depend on time and V ijt are total water sales for block i in community j at time t. The relevance of such a proportionality assumption may be disputed, however it is necessary to make this assumption for our empirical purposes. 21 The final system of equations to be estimated is
where η ij is a block-and community-specific effect including log(γ ij ), the proportionality factor between the ratio of consumers in block i relative to block 1 and the ratio of water volumes in the same pair of blocks.
We first estimate the system of the block-choice Eq. (13) by the Three-Stage Least Squares including fixed effects to eliminate any correlation between the unobserved community-specific heterogeneity and explanatory variables. The instruments used in both equations are average household income, relative prices p 3 / p 1 and p 2 / p 1 , the proportion of unpaid water volumes and the proportion of subsidized customers in the local community. These last two variables are also used as covariates in the block-choice equations. We restrict the parameters associated with price and unpaid volumes to be equal in both equations, so as to be consistent with the (conditional) Logit specification. Results are presented in Table 2 . The income effect in the block-2 choice equation is significant and lower than the effect in the block-3 case which turns out to be insignificant. The negative estimated coefficients on PUNFAID and NEWSUB indicate that, on average, local communities characterized with a higher proportion of unpaid water volumes and poor customers have a lower proportion of the total water consumption in higher blocks relative to block 1. Those two variables are likely to be related to the income and housing characteristics, and hence to be correlated with I through a community-specific fixed effect, which is eliminated by the fixed effects procedure. The price coefficient is highly significant and is of the expected sign, indicating that the relative prices increase the probability of households being in the lower consumption block.
The final estimation stage involves estimating structural demand parameters in Eq. (9) by fixed effects linear regression. The results are presented in Table 3 , along with OLS and GLS estimates.
From these estimates, price and income elasticities are easily computed, as well as their standard errors with the Delta method. The price elasticity is equal to −0.8161 (with standard error of 0.0853) and the income elasticity is 0.1462 (with standard error of 0.0367).
Simulation experiment
We now turn to our simulation experiment, that is, calibrating the optimal tariff designed in Section 3 with the parameter estimates obtained in Section 4. As mentioned before, a natural choice for the agent's type is the households' disposable income with the implicit assumption that the demand for water is increasing in this variable. We first derive the expression of the optimal nonlinear pricing rule when calibrated in the Côte d'Ivoire case. The implementation of this optimal tariff is then simulated with various discretized versions of the tariff, allowing the number of blocks and their bounds to vary.
Optimal nonlinear pricing
The system of nonlinear Eqs. (5)-(8) is used to derive price p min for the upper bound q min of the initial (social) pricing block, as well as the nonlinear pricing rule p(q) for water volumes beyond q min . The solution will depend on the parameters of elasticity of demand, marginal production cost, statistical distribution of household, and the Ramsey number. The elasticity parameters can be inferred from the estimation step, as follows: the elasticity of demand with respect to the fixed fee, ɛ T Q , is directly related to the generalized demand function in Eq. (3), and is equal to the income elasticity with the opposite sign.
21 See Diakité and Thomas (2006) for more details about this block share estimation. ɛ T Q is, therefore, computed as b 2 Â T=q. Also, we compute the price elasticity ɛ P Q by using demand estimates, that is, e Q p ¼ b 1 Â P=q. The marginal cost function c(q) is estimated from an additional data set obtained from SODECI for the same local communities over the same period of time (Diakité and Thomas, 2005) . 22 The water supply cost is specified as a translog flexible form depending on output level and input unit prices; and is estimated by imposing the usual homogeneity and symmetry restrictions. The marginal cost is then a nonlinear function of output, which is approximated by a linear regression to a polynomial of degree three: c(q) = 1141.17 − 11.58q + 0.0375q 2 − 3.5 ×10 − 6 q 3 . The density function of the household income is assumed to be Normal N(μ,σ 2 ). After rescaling the community-specific average household income (in FCFA) by a factor of 10 5
, we obtain μ = 25.87 and σ = 10.86. 23 Finally, the Ramsey number is not identified and we arbitrarily set k = 1, which gives α = 0.5.
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The computation of welfare changes involves the master profile function defined in Eq. (3). This profile can be defined as Q(P,p,q) = 1 − prob[θ b θ(P,p,q)] = 1 − F[θ(P,p,q)] such that p = ∂U(q,θ) / ∂q or, equivalently, q = q(p,θ), and with the condition that U(q,θ) − P ≥ 0. Using the linear demand specification, the condition p(q,θ) ≥ p for the agent with type θ is: θ = (q − β 0 + β 1 p − δZ) / β 2 , with the inverse demand function p(q,θ) =(β 0 + β 2 θ − q + δZ) / β 1 .
The integral condition defining the master profile function has, in its general form, an infinite upper bound. For the linear demand it is necessary to restrict the admissible values of demand over the positive domain. This implies that qN0fp bp
Replacing the upper bound of the integral by p and integrating over the domain of p, we have the conditions defining the generalized demand function as follows:
The profile function is easily integrated numerically over the domain of q and/or p and T, for computing any component of (consumer or producer) surplus.
The optimal tariff is finally obtained as follows. From Eq. (7), we have that p min = P min / q min . Replacing the elasticity ɛ T Q by its expression above, we obtain
so that
We then solve for q min in Eq. (5), which reduces to
By replacing the marginal price p by the solution for p min , we obtain
where f is the density function of θ.
Substituting the solution for q min in Eq. (14), we obtain the value of the fixed fee, P min . Finally, the nonlinear price p(q) can be computed from condition (8) as the solution to
The nonlinear equation above is solved for p(q) using a numerical root-finding algorithm over a grid of 100 points for consumption q ∈ [q min ,q max ]. The resulting nonlinear tariff is presented in Fig. 1 . The optimal first ("social") block is found to be between 0 and q min = 106 m 3 /year. Up to q min , households pay a fixed charge T min (equal to P min ) that is P min = T min estimated at 66.24 USD/year. /year, it is again decreasing. This non-monotonic pattern is mainly due to the marginal cost estimate, which is approximated by a polynomial of order 3. For a typical household, water consumption is less than 200 m 3 /year, and therefore it would face a decreasing tariff.
The optimal value for p min is between 0.50 and 0.79 USD, the actual marginal prices for the first and the second pricing block respectively. The total fixed fee in our experiment is estimated at 16.56 USD by quarter (or 66.24 USD/year), a value higher than the actual fixed payment of 4.02 USD/quarter (or 18.10 USD/year) for the first block in the existing pricing rule. Further, the optimal social consumption threshold in our case is substantially higher than the level observed in Côte d'Ivoire (106 m 3 /year versus 36 m 3 /year). Although our simulated pair (p min ,q min ) departs from the existing one, however it embodies some social considerations as, in the absence of the "social" constraint imposed on the public decisionmaker problem, the initial water volumes would have been charged at marginal prices between 0.67 and 2.46 USD/m 3 . Moreover, q min at 106 m 3 /year matches the standard recommendations of the United Nations in terms of basic needs for a 6.5-person household.
Implementation: the multi-block tariff
To make the optimal tariff operational while preserving its main optimality features, we consider a discrete version of the optimal nonlinear pricing rule in the form of a multi-block tariff. The latter is designed to share the features of the optimal tariff, namely, universal 22 An initial solution for the optimal tariff was obtained under the assumption of constant marginal cost, however, this assumption was abandoned as it was rejected by the data. 23 We also experimented with an exponential distribution for the household income.
The resulting optimal price schedule was very similar in shape. 24 One feature of developing countries is the high opportunity cost of public funds.
Many studies confirm that this cost is higher there than in developed countries. It is typically estimated to lie between 1 and 3, see Laffont (1996 Laffont ( , 1999 . service obligations for low annual water consumption and an efficient monopoly pricing for high annual water consumption. Note that in the optimal pricing design, we only need to discretize the monopoly pricing expression as the initial block is already obtained above.
In making approximations to the optimal water tariffs, we consider two different trade-offs that a public decision-maker may face. The first one is between simplicity of the tariff and its optimality. It is well known from the empirical literature on water demand that the effectiveness of price as a signal on the resource is better achieved through the tariffs that are easily read by customers (monotonic price rates, limited number of pricing blocks). The second trade-off is between optimality and equity of the water tariff. By modifying the structure of the tariff, and possibly, departing from the optimal nonlinear one, it may be possible to increase consumer welfare. To evaluate the impact on welfare of preferring the tariff simplicity to its optimality, or equity to optimality, we compare four different water tariffs.
Tariff 1
This is the existing one in Côte d'Ivoire, with an increasing-block structure and three block rates.
Tariff 2
Here we favor the tariff simplicity rather than its optimality, by designing tariff blocks that are closest to the existing tariff, that has an increasing block-rate structure. Imposing a monotonic price schedule is very similar to the "ironing" procedure in Wilson (1993) that consists in flattening the pricing rule so that the optimality condition is satisfied on average. Tariff 2 only consists of three blocks, the first one being the "social" block obtained from the nonlinear problem of Section 3. As detailed above, households pay only a fixed fee P min ⁎ of 16.56 USD/ quarter for consumption volumes up to q min ⁎ at 106 m 
Tariff 3
Contrary to Tariff 2, we favor optimality over the tariff simplicity, although the number of block rates will be limited. More precisely, the non-decreasing condition is relaxed, so as to correspond more closely to the optimal nonlinear pricing structure. The first block of Tariff 3 is the predetermined social block for volumes below 106 m /year, and its unit rate is computed as for block 2, that is, p 3 (=p(230)) is equal to 0.10 USD/m 3 . The lower bound of the third block is determined arbitrarily, with the objective to keep it sufficiently small due to the corresponding low value for the marginal price. On the increasing part of the tariff, for volumes above 230 m 3 /year, we consider only one block and set the marginal price at its highest value possible, that is p 4 (=p(500)) is equal to 0.77 USD/m 3 .
Tariff 4
This tariff is an extension of Tariff 3. It is identical to Tariff 3 up to 230 m 3 /year, and has two additional pricing blocks in the high-volume region (i.e., we consider three blocks instead of one). With this tariff, we are able to evaluate the impact on social welfare of increasing the number of blocks in the water tariff, that is, when the degree of discretization increases. Indeed, Wilson (1993) shows that when the number of blocks tends to infinity, the multiple-block tariff converges to the optimal nonlinear pricing schedule p (q). Hence, Tariff 4 allows one to evaluate the trade-off between optimality (better approximating the optimal nonlinear tariff) and equity (the impact on welfare of increasing the number of blocks). Table 4 presents the block prices and bounds of the four tariffs. Except for the initial consumption block, all unit rates in Tariff 1 (the existing tariff) are above the rates of our proposed approximations to the optimal nonlinear pricing rule. This is particularly true for consumption levels between 190 and 230 m 3 /year, where actual rates are almost twice the value of Tariff 1 rates between 364 and 460 m 3 (1.26 USD compared to 0.69 USD). Our approximated multiblock tariffs always have unit price rates above the marginal cost, which is in line with the Feldstein pricing rule discussed in Section 2.1. According to this policy, setting unit rates systematically above marginal cost is a way to reduce the level of the fixed charge. As mentioned in Section 2.2, Ivorian urban water utilities set a single fixed charge: the connection fee, which is paid once and for all (and whose impact on the household income is expected to be smoothed over a long period of time). Our approximation to the optimal nonlinear pricing rule includes a fixed charge in the initial block (as long as there is a strictly positive consumption level) which is higher than the existing one. Therefore, the approximation to the optimal pricing rule tends to reduce inefficiency of the Feldstein pricing rule, by pushing back unit rates in upper blocks toward the marginal cost, and by increasing the fixed charge contained in the initial block.
Welfare comparisons
Our strategy here is to evaluate social welfare associated with the existing water tariff (Tariff 1), and to perform welfare comparisons with our proposed tariffs (Tariffs 2 to 4). We distinguish between the analysis for a representative household (irrespective of his/her income), and a "poor" household (to be defined below). The welfare measures are computed for the country as a whole, using the sample-based empirical distribution of income and proportions of water users in the different price blocks for the full sample. If heterogeneity in operating conditions 27 and in socio-demographic characteristics of households throughout the country is likely to be significant, computing such welfare variations at the regional level may be more interesting. To this end, we also compute consumer and producer surpluses for each region, by using region-specific household income distribution (mean and standard deviation for a Normal distribution) to calibrate the optimal pricing rule.
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The results are presented in Table 5 . 29 Columns 3 to 5 of Table 5 report the relative welfare changes associated with the switch from the existing tariff to Tariffs 2, 3 and 4 respectively, for each of the 10 regions, and the entire country. They are in the same range as those obtained in Garcia and Reynaud (2004) but contrast with those of Swallow and Martin (1988) and Renzetti (1992) .
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For the country as a whole (last row of Table 5 ), the change in social welfare from switching to a proposed tariff is positive; however, there are significant differences across regions. While most regions would gain from moving to Tariff 2, 3 or 4 (with a somewhat limited gain for Abidjan-North), Basse Cote and Abidjan-South regions would experience a loss in social welfare. This result illustrates the need to account for heterogeneity in social welfare variation at the regional level, when evaluating the implementation of the optimal water pricing policies in countries like Côte d'Ivoire. The existing pricing policy is based on a single (national) price system, which implies that there exist cross subsidies between regions (in addition to the usual crosssubsidy mechanism between users in different block, as implied by the block-rate price rule). Indeed, the city of Abidjan (North and South) benefits from favorable hydrological conditions, and water production is relatively less costly there (groundwater pumping, no filtration treatment). Moreover, the size and density of the population (more than 4 million inhabitants and about 45,000 inhabitants/km 2 ) allow to keep the water supply and customer service costs at a relatively lower level than in other Ivorian cities. The city of Abidjan represents more than 50% of all customers, about 60% of total billed volumes, 50% of expenditures and 60% of products (sales) in the water department of SODECI (Collignon, 2002) . Therefore, a homogeneous water tariff for the entire market of the SODECI concession seems to generate a de facto subsidy, essentially financed by Abidjan residential customers for the benefit of customers from other local communities in Côte d'Ivoire.
The evaluation of welfare changes associated with different price policies (say, Tariff k versus Tariff k′) is made possible by simply comparing welfare change from Tariff 1 to Tariff k with the change generated by the move from Tariff 1 to Tariff k′. The optimality gain (or equivalently, the loss in the tariff simplicity) generated by the move from Tariff 2 to Tariff 3 or 4 ultimately leads to a slight increase in the total welfare. Remember that Tariff 2 is much closer to the existing one than Tariffs 3 and 4, which are not restricted to be of the increasingblock type. The optimality gain generated by the move from Tariff 3 to Tariff 4 is associated with a decrease in total welfare, hence confirming the existence of a trade-off between equity and efficiency. Moreover, surplus changes generated by these two tariffs remain intimately related to the choice of pricing block bounds and corresponding marginal prices.
Our results reveal that the existing pricing policy leads to a moderate social welfare gain compared to approximations to the optimal tariff with the same number of blocks (Tariff 2). Based on our welfare computations, the optimal pricing policy would be to keep the existing tariff (Tariff 1) for Abidjan (North and South) and Basse Cote 26 While commonly adopted in applied welfare studies, the welfare change for a heterogeneous population is not perfectly captured by the Marshallian consumer surplus, and an exact measure would require the Hicksian demand curve. However, in the instance where only one price changes, Willig (1976) and Hausman (1981) show that it is possible to compute consistent welfare changes using the Marshallian consumer surplus. 27 Even though SODECI is the major water operator in Côte d'Ivoire, each local community considered here has its own production and distribution networks, and those communities are grouped into 10 Regional Water Districts (DR, Directions Régionales). 28 Regions are the following: Southwest, Korhogo, Daloa, Bouak, Basse Cote, Abengourou, Yamoussoukro, Man, Abidjan North, Abidjan South. 29 More detailed tables are omitted due to limited space, and are available from the authors upon request. 30 Garcia-Reynaud, Swallow-Martin and Renzetti found a 0.4, 2 and 4% increase in welfare respectively. regions, however, to implement the approximated optimal Tariff 4 in all other regions of the country (because it is closest to the optimal pricing rule). This is confirmed by the fact that in 2001 the budget of a large majority of water services (except Abidjan) were actually in deficit.
Welfare analysis for a "poor" household
Since the objective of the water price policy is to increase water consumption by poorer households while at the same time accounting for the operator benefit, it is necessary to analyze the impact of our simulated tariffs on the welfare of these households. The individual level analysis is not possible due to availability of only aggregate data, and we cannot adopt a definition of poverty based on observed individual income. However, it seems reasonable to assume that poor households that are connected to the water network will have their consumption level in the first pricing block. We therefore define as "poor" a household whose water consumption is below the upper bound of the social pricing block. By doing so, the welfare comparison can be simply made by comparing the water bills a household would pay when its consumption lies in the social pricing block, given the existing or alternative tariffs. As our simulated Tariffs 2, 3 and 4 share the same first ("social") block, we conduct a simulation experiment at the regional level to compare the existing tariff (Tariff 1) with any simulated tariff, on the basis of the social block only.
The region-specific empirical distribution of the household income is used to compute the optimal first block for each region. The righthand side of Table 5 reports the marginal price p min , the associated upper bound of the simulated social pricing block, q min (in m 3 /year), the welfare variation for the representative poor household (denoted by W Loss) and the equivalent bill, BillEq. The latter corresponds to the bill a poor household would pay for a volume corresponding to the (optimal) first block of the simulated tariff if it were charged at the existing price.
We note a negative correlation between the average income μ and q min , while p min is rather stable across regions. This relationship seems to indicate that the local communities with a higher proportion of poor households (μ small) are those that require a higher volume of water charged at the "social" rate corresponding to the first block.
At that the poor household would pay slightly more with the simulated tariff than with the existing one, with a welfare change of (BillEq − T min ) at −4.59 USD a year. This welfare loss for consumers from moving from Tariff 1 to any simulated tariff with an optimal first block is, however, very limited when compared to the direct application of the nonlinear pricing rule over the whole range of water volumes. Imposing the first block with a flat rate is strongly in favor of poor households, who would pay much more for the first cubic meters if the nonlinear pricing rule were applied for those volumes. This is because the optimal pricing rule is decreasing in the range of consumption that is concerned with the social pricing policy. To impose the optimal tariff that has the "social" first block yields a gain of about 90 USD a year to the representative consumer.
The fact that poor households benefit from the existing tariff as compared to the simulated one suggests that introducing a chargefree consumption volume in the simulated tariffs we consider may be an interesting option (see Gomez-Lobo and Contreras, 2000) . The "social" volume would simply be equivalent to the loss to households due to the new water tariff. In our case, the representative poor household would be offered at least 8 m 
&
In sum, the combination of the welfare analysis at the representative household level on one hand, and at the poor household on the other, clearly reveals that the optimal tariff policy, that includes social objectives as well as accounting for the operator profit, cannot be achieved using a uniform price policy (for the whole concession market and all households). Instead, along the lines of the regionspecific tariffs, price schemes should incorporate a menu of tariffs based on actual water consumption by the households.
Conclusion
This paper has tried to address the problem of the social water pricing in developing countries, where a general pricing policy is an increasing-block tariff with a reduced-rate initial block corresponding to basic needs. The main objective of the paper has been the design of the optimal nonlinear tariff from the public regulator's perspective where water is supplied by a private operator facing heterogeneous consumers. Using Wilson's (1993) definition of the generalized demand profile, we propose an optimal pricing rule that combines both equity and efficiency considerations. The resulting tariff entails a fixed fee for the first block of the tariff, presumably dedicated to lowincome households, and a nonlinear pricing rule for higher water volumes.
The optimal pricing rule is calibrated using econometric estimates of residential water demand in Côte d'Ivoire, accounting for endogeneity of price as an explanatory variable, and for the fact that the existing tariff has several price rates. Several approximations to the optimal tariff are computed in the form of multi-block tariffs. The impact on welfare of favoring the tariff simplicity to imposing an increasing block-rate structure is then evaluated. The results are compared to the existing, increasing-block tariff water pricing in Côte d'Ivoire, and welfare change calculations are performed.
Our results enable us to draw two conclusions. First, the homogeneous water price system over the entire market of the concession is not optimal and can be improved by using essentially the same tariff structure as the existing one. However, total welfare changes are not expected to be large, as producer losses almost compensate for gains 31 in the consumer welfare. Second, a better pricing system can be obtained by keeping the existing tariffs in Abidjan and Basse Cote 35 and adopting our proposed tariffs in the other regions. Moreover, the welfare analysis conducted for poor households reveals the need for classifying households in different categories within the same community, as well as proposing a menu of tariffs. Such a menuderived from our simulated optimal tariffs -would then allow to improve the trade-off between social objectives on one hand, and the operator financial outlook on the other.
Appendix A. Welfare computations
Consider a representative household of type θ facing a tariff systemp ¼ hm; p i i i¼1; N ; m ; where m is the number of blocks and p i the marginal price of block i. The consumer surplus of such a household can be defined as
whereq p i ; h; Z ð Þis the Marshallian linear demand function in each block. For each tariff system an average price is computed over different blocks as
, where a i is the proportion (share) of total water charged in block i. For the existing tariff, these shares are observed from the data. For our proposed tariffs, they are computed using the income distribution for θ. We have
where q P p; h; Z ð Þis the estimated linear aggregate demand function defined in Eq. (9), and x̄is the upper bound of different blocks.
The consumer surplus for a representative household then reduces to
Letting p0 and p1 denote average prices for the existing tariff and the proposed tariff respectively, consumer surplus variation is given by
The water operator faced with a household of type θ and a price rulep ¼ hm; p i i i¼1; N ; m has surplus
where c(q) is the marginal cost of the firm to produce a water quantitỹ q p i ; h; Z ð Þ . With an average price p̄computed as above, the firm surplus becomes PS Finally, the total welfare variation is WV = CSV + PSV.
